ABSTRACT Infection of HeLa cells with poliovirus results in a rapid shut-off of host protein synthesis. It has been suggested that inactivation of a protein that binds to the cap structure of cellular mRNAs would explain the selective inhibition of host protein synthesis because the naturally uncapped poliovirus RNA can be translated by a cap-independent mechanism. To test directly for the presence of cap-binding proteins in poliovirus-infected and mock-infected cells, we analyzed initiation factor preparations for their ability to specifically crosslink to the 5' cap structure of oxidized reovirus mRNA. The data presented here show that the crosslinking ability of the different cap-binding proteins (24-, 28-, 32-, 50-, and 80-kilodalton polypeptides) is reduced in preparations from poliovirus-infected as compared to mock-infected cells. This reduction correlates with the inability of initiation factor preparations from infected cells to restore translation of capped mRNAs in extracts of poliovirus-infected cells. In addition, initiation factor preparations from poliovirus-infected cells have the ability to rapidly inactivate cap-binding proteins and can also impair the restoring activity of initiation factors from mock-infected cells.
Viral infection of mammalian cells often results in the shut-off of host protein synthesis (1) , and this effect has been extensively studied in poliovirus-infected HeLa cells (2, 3) . Poliovirus infection neither induces the degradation of host mRNA (4, 5) nor causes detectable changes in the patterns of host mRNA capping, methylation, and polyadenylylation (6) . Furthermore, Ehrenfeld and Lund have demonstrated that host mRNA extracted from infected cells remains functional in a wheat-germ cell-free translation system (7) .
It was established that the inhibition of host protein synthesis occurs at the initiation step (5), and subsequently it was shown that ribosomal high-salt-wash fractions from infected cells stimulated the translation of poliovirus mRNA, but not of endogenous mRNA, in HeLa cell extracts (8) . Rose et aL (9) , using vesicular stomatitis virus (VSV) mRNA as a model for host mRNAs (8, 10) , and Helentjaris et al. (11) have presented evidence that suggested inactivation of eukaryotic initiation factors (IF) eIF-4B and eIF-3. However, a more recent study indicated that a 24-kilodalton (kDal) protein isolated by a multistep procedure (12) copurified with the ability to restore the capacity of poliovirus-infected HeLa cell extracts to efficiently translate VSV mRNA (this activity will be referred to as restoring activity) (12) . This polypeptide was found to be identical to the 24-kDal capbinding protein (24-CBP) isolated from rabbit reticulocytes by affinity chromatography on a column of 7-methylguanosine diphosphate (m7GDP) coupled to Sepharose 4B (13) . The demonstrated copurification of 24-CBP with eIF-3 and eIF4B (12, 14, 15) suggests that the effects ascribed to these factors were due to the presence of the 24-CBP and that the shut-off phenomenon might actually be a result of inactivation of the 24-CBP.
Recently, Tahara et al. (16) described an 8-1OS protein complex purified by m7GDP affinity chromatography from rabbit reticulocyte ribosomal high-salt wash. This complex consisted of several higher molecular weight proteins in addition to the 24-CBP and possessed stable restoring activity. This finding is consistent with recent results demonstrating the existence of several higher molecular weight polypeptides that are structurally related to the 24-CBP of rabbit reticulocytes (17, 18) . Moreover, some polypeptides with molecular weights that are strikingly similar to those of the latter polypeptides can specifically recognize the cap structure, as determined by crosslinking to oxidized mRNA (19) .
In contrast to the almost ubiquitous nature of the cap structure at the 5' terminus of eukaryotic cellular and viral mRNAs, poliovirus RNA lacks a capped 5' end (20, 21) (9) . Sindbis virus infection of chicken embryo fibroblasts (23) and encephalomyocarditis virus (EMC) infection of L cells (24) were as described.
Preparation of RNAs. Synthesis of [3H]methyl-labeled reovirus mRNA to a specific activity of -80,000 cpm/,g with viral cores in the presence of S-adenosylmethionine (specific activity 3448 Biochemistry: Lee and Sonenberg 70 Ci/mmol, New England Nuclear; 1 Ci = 3.7 X 1010 becquerels) and periodate oxidation were according to Muthukrishnan et aL (25) . EMC virus RNA was isolated as described (24) . Total Sindbis RNA was obtained from infected chicken embryo fibroblasts and consisted of approximately 85% 26S RNA, the remainder being the 42S RNA species (23) .
Preparation of Cell Extracts and'IF. Cell-free extracts from poliovirus-infected or mock-infected HeLa cells were prepared at 3 hr after infection, essentially as described before (9) , except that the extracts were not preincubated under translation conditions, but were dialyzed for 2 hr against buffer containing 90 mM KOAc, 10 mM Hepes buffer at pH 7.6, 1.5 mM Mg(OAc)2, and 1 mM dithiothreitol before freezing. Initiation factors were prepared essentially as described (26) . Briefly, S10 extracts were centrifuged at 48,000 rpm for 2 hr in a Beckman SW 50.1 rotor. The ribosomal pellet was resuspended in buffer containing 0.1 M KCl, 20 mM Hepes at pH 7.5, 1 mM dithiothreitol, 0.2 mM EDTA, and 0.2 mM phenylmethylsulfonyl fluoride (PhMeSO2F), and 3 M KCI was added to a final concentration of 0.6 M. The mixture was stirred for 30 min and centrifuged as above, and the supernatant was dialyzed for 4 hr against 100 mM KOAc/20 mM Hepes, pH 7.5/1 mM dithiothreitoV0.2 mM EDTA/0.2 mM PhMeSO2F.
Binding and Crosslinldng of mRNA to IF.
[3H]Methyl-labeled oxidized reovirus mRNA was incubated with IF preparations under the conditions described in the figure legends for 10 min at 30°C in a final volume of 30 ,1.. After incubation, 3 ,ul of 0.2 M NaBH3CN was added and the mixture was left on ice for 3 hr, followed by the addition of 3 ul of RNase A (5 mg/ ml) and incubation for 30 min at 37°C to degrade the mRNA.
The latter step was carried out according to the modification of Hansen and Ehrenfeld (27) . Crosslinked proteins were resolved in NaDodSO4/12.5 % polyacrylamide gels, followed by treatment with 2,5-diphenyloxazole/dimethyl sulfoxide or EN3HANCE (New England Nuclear) and exposure of Kodak X-Omat XR-1 film at -70°C as described (14) .
In Vitro Protein Synthesis. Translation in HeLa cell extracts was carried out essentially according to Rose et aL (9) . Incubation mixtures at a final volume of 25 ,1 contained 13 ,1u of micrococcal nuclease-treated S10 extract in 20 mM Hepes buffer, pH 7.6/130 mM KOAc/0.8 mM Mg(OAc)2/l mM ATP/ 54 ,uM GTP/9 mM creatine phosphate/0.6 ,ug of creatine kinase/2 mM dithiothreitol/0.2 mM spermidine/il ,uM of each of 19 amino acids (minus methionine)/20 ,uCi of [35S]methionine (>1,000 Ci/mmol, New England Nuclear). After incubation for 1 hr at 37°C, 20-,ul samples were analyzed by electrophoresis on NaDodSO4/12.5% polyacrylamide gels, which were processed as described above.
RESULTS
Cell-free extracts prepared from poliovirus-infected HeLa cells have a reduced ability to translate capped mRNAs, whereas translation of naturally uncapped mRNAs is not impaired (9, (11) (12) (13) . Fig. 1 shows that our extracts had these characteristics. EMC RNA, which does not contain a cap structure at its 5' terminus (28) , was translated with similar efficiencies in extracts from mock-infected and infected cells (Fig. 1 , lanes 2 and 7, respectively), a finding that is consistent with earlier studies with in vivo and in vitro translation systems (29) (30) (31) . In contrast, Sindbis mRNA (consisting of 26S and 42S RNA species-both capped mRNAs) was translated efficiently in extracts from mock-infected cells to yield mainly the coat protein (33 In contrast, preparations from infected cells showed no such restoring activity: they had no effect on Sindbis mRNA translation in extracts of poliovirus-infected (Fig. 1 (8, 9, 11) .
To test the hypothesis that the activity of a CBP is impaired in poliovirus-infected cells (9, 12, 13) Crude IF preparations from poliovirus-infected cells contain additional proteins, absent from mock-infected preparations, which can crosslink nonspecifically to oxidized reovirus mRNA. The most notable of these migrates slightly faster than the 24-CBP (lanes 3 and 4) and is probably the poliovirus capsid protein VP3, which is known to be a "sticky" protein and has been found in association with ribosomes from infected cells (32) . We have observed this protein very consistently and believe that it serves as a useful and reliable marker of infection.
Crosslinking was also performed with (NH4)2S04-fractionated IF in the presence of Mg2+ ATP. The level, of detectable CBPs was again markedly reduced in preparations from infected cells (data not shown). Most of the 24-CBP fractionated in the 0-40% saturated (NH4)2SO4 cut, consistent with previous findings that the 24-CBP copurifies with initiation-factors eIF-3 and eIF-4B (12, 14, 15) , both of which fractionate in the 0-40% (NH4)2SO4 cut of IF preparations (33 (Fig. 3, lane 1) . Addition of m7GDP to the incubation mixture decreased the crosslinking 1 translate capped mRNAs that is observed after preincubation with extracts from poliovirus-infected cells (9) . Fig. 4A is an autoradiograph of the translation products encoded by reovirus and satellite tobacco necrosis virus (STNV) mRNAs in extracts from mock-infected HeLa cells. Lanes 1 and 7 represent the endogenous translation products in the nuclease-treated extracts. Translation of reovirus mRNA yielded the various reovirus structural polypeptides (lane 2). Preincubation of the extract in the absence or presence of IF from mock-infected cells (lanes 3 and 4, respectively) slightly reduced the extent oftranslation, and addition of IF from infected cells without preincubation had no effect on translation of reovirus mRNA (lane 5). However, preincubation of the same mixture for 12 min dramatically curtailed translation (lane 6). STNV RNA was translated in mock-infected extracts to yield the 22-kDal coat protein and an 18-kDal prematurely terminated translation product (34) (Fig. 4A, lane 8 In a second set of experiments we attempted to determine whether IF from poliovirus-infected cells could also reduce the restoring activity of IF from mock-infected cells. In the data shown, EMC RNA was translated with higher efficiency in infected than in mock-infected cell extracts (Fig. 4B, lanes 9 (17, 19) , and that higher molecular weight polypeptides purified by m7GDP affinity chromatography are essentially required for restoring translation of capped mRNAs in poliovirus-infected cell extracts (16) . The 50-and 80-kDal polypeptides may correspond to eIF-4A Proc. Nad Acad. Sci. USA 79 (1982) Proc. Natl. Acad. Sci. USA 79 (1982) 3451 and eIF-4B, respectively, on the basis of the crosslinking characteristics of these factors (35) .
In this study, we attempted to determine whether a change in the 24-CBP, the other CBPs, or both accompanies the shutoff of host protein synthesis exerted by poliovirus, by using the crosslinking assay (14) . Our Our results appear to be at variance with those of Hansen and Ehrenfeld (27) , who concluded that the cap-binding ability of 24 
